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Structural consequences of ionization of residues
buried in the hydrophobic interior of proteins were
examined systematically in 25 proteins with internal
Lys residues. Crystal structures showed that the
ionizable groups are buried. NMR spectroscopy
showed that in 2 of 25 cases studied, the ionization
of an internal Lys unfolded the protein globally. In
five cases, the internal charge triggered localized
changes in structure and dynamics, and in three
cases, it promoted partial or local unfolding. Remark-
ably, in 15 proteins, the ionization of the internal Lys
had no detectable structural consequences. Highly
stable proteins appear to be inherently capable of
withstanding the presence of charge in their hydro-
phobic interior, without the need for specialized
structural adaptations. The extent of structural reor-
ganization paralleled loosely with global thermody-
namic stability, suggesting that structure-based
pKa calculations for buried residues could be
improved by calculation of thermodynamic stability
and by enhanced conformational sampling.
INTRODUCTION
Internal ionizable groups in proteins are essential for biological
energy transduction processes (Lanyi and Luecke, 2001; Jiang
et al., 2003; Rastogi and Girvin, 1999). Internal groups usually
titrate with anomalous pKa values, the determinants of which
are poorly understood (Isom et al., 2010, 2011). The pKa values
can be influenced by the many factors that determine the dielec-
tric response of proteins, including electronic polarizability, reor-
ientation of backbone and side chain dipoles, Coulomb interac-
tions, the reaction field of bulk water, water penetration, and
local or subglobal conformational reorganization. Even the
global thermodynamic stability (DGH2O) of the protein may influ-
ence the properties of internal ionizable groups (Garcı´a-Moreno
et al., 1997; Karp et al., 2010). In this study we examined struc-
tural and physical origins of the dielectric response of a protein
using X-ray crystallography to describe microenvironments ofStructure 20, 10internal Lys residues in staphylococcal nuclease (SNase) and
NMR spectroscopy to survey structural consequences of their
ionization.
Charges are incompatible with hydrophobic environments;
therefore, the ionization of a group buried in the hydrophobic
interior of a protein can alter its structure. When the ionization
of an internal residue triggers structural reorganization, themajor
determinant of its pKa is the reorganization proper. In general,
the inability of structure-based calculations to reproduce exper-
imentally measured pKa values of internal groups stems from the
failure to account correctly for structural reorganization (Karp
et al., 2007). Several groups have made recent progress on
this important problem (Arthur et al., 2011; Ghosh and Cui,
2008; Gunner et al., 2011; Kamerlin et al., 2009; Kato and War-
shel, 2006; Meyer et al., 2011; Song, 2011; Wallace et al.,
2011; Williams et al., 2011; Witham et al., 2011;Yoo and Cui,
2008; Zheng et al., 2008). To improve our understanding of
determinants of pKa value of internal groups in proteins it is
necessary to describe experimentally the character of the reor-
ganization that is triggered by the ionization of internal groups.
The present studies were performed with 25 variants of SNase
with Lys at internal positions. The pKa values of most of these
internal Lys ionizable groups are anomalous and depressed,
some quite substantially relative to the normal pKa values of
Lys in water (Isom et al., 2008, 2010, 2011). To reproduce the
experimental pKa values of internal ionizable groups in SNase
with structure-based continuum electrostatics calculations
using static structures and the finite difference solution of the
linearized Poisson-Boltzmann equation, the protein has to be
treated with arbitrarily high dielectric constants between 8 and
30 (Dwyer et al., 2000; Fitch et al., 2002; Harms et al., 2008,
2009; Isom, 2010, 2011; Karp et al., 2007). The hypothesis that
was examined in this study is that these high dielectric constants
reported by the internal Lys residues in SNase reflect structural
reorganization coupled to the ionization of the buried groups.
Almost all continuum electrostatics methods require artificially
high dielectric constants to reproduce pKa values of internal
ionizable groups (Warwicker, 2011; Word and Nicholls, 2011).
These high dielectric constants are comparable to the dielectric
constants of highly polarizable materials, and much higher than
the dielectric constants of 2 to 4 of dried protein powders
commonly used in continuum electrostatics calculations (Bash-
ford and Karplus, 1990; Gilson et al., 1988). The need for empir-
ically high protein dielectric constants has been justified by71–1085, June 6, 2012 ª2012 Elsevier Ltd All rights reserved 1071
Table 1. Microenvironment of Internal Lys Residues in Staphylococcal Nuclease
Contacts
within 3.5 A˚a Contacts within 6.4 A˚ SASA (%)
Variant Xtal pH PDB ID H2O Polar H2O
b Polarb All atomsc SCd Nze RMSf (A˚) Burialg (A˚)
V23K 8 3QOJ 0 0 1 8 50 0.0 0.0 0.12 9.1
L25K 8 3ERQ 0 0 0 5 48 0.0 0.0 0.24 9.0
F34K 8 3ITP 0 0 0 6 46 0.0 0.0 0.13 4.3
L36K 8 3EJI 0 0 0 8 50 0.0 0.0 0.36 8.6
L38Kh 10 2RKS 0 2 1 11 60 2.9 0.0 0.44 4.0
T62K 8 3DMU 0 2 2 10 60 0.1 0.0 0.24 7.6
V66Kh 9 3HZX 1 2 2 9 50 0.0 0.0 0.14 6.6
I72K 8 2RBM 1 4 4 11 43 23.6 7.9 0.51 3.2
I92Kh 8 1TT2 0 0 0 5 48 1.9 0.0 0.27 7.8
0 1 0 8 50 1.9 0.0 – 9.0
L103K 7 3E5S 1 4 1 11 58 0.2 0.1 0.47 6.0
V104K 7 3C1F 0 2 2 12 60 0.0 0.0 0.28 7.2
0 1 0 10 58 0.0 0.0 – 8.4
L125K 9 3C1E 0 0 0 6 63 0.0 0.0 0.17 7.3
aNumber of crystallographic water molecules or polar/charged groups of opposite polarity within 3.5 A˚ of the Nz atom of Lys. Where two rotamers are
present, the number for each is indicated.
bNumber of crystallographic water molecules or polar/charged groups of opposite polarity within 6.4 A˚ of the Nz atom of Lys. Where two rotamers are
present, the number for each is indicated.
cNumber of atoms of all types within 6.4 A˚.
dRelative solvent accessible surface area for the side chain as calculated with ‘‘NACCESS’’ (Hubbard and Thornton, 1993).
eRelative solvent accessible surface area for the Nz atom of Lys calculated using ‘‘pdb_sasa.py’’, a python script based on NACCESS (http://code.
google.com/p/pdb-tools/).
fOverall RMS deviation obtained after optimal RMS fit (in A˚) between the variant protein structure and the reference protein, calculated for Ca atoms.
gApproximate depth of burial calculated by placing the protein in a randomorientation in a pre-equilibrated box of waters.Waters within 3.2 A˚ of protein
atoms were removed and remaining bulk water molecule of closest approach to the Nz atom of the lysine side chain was calculated by finding the
smallest inter-atomic distance to all nearby waters. The protein was then rotated slightly with respect to the center of mass (3) and the procedure
was repeated. A total of 100 rotations were performed. Water molecules found to be in internal cavities were excluded.
hData for structures with Lys-66, Lys-38, and Lys-92 were published previously (Harms et al., 2008; Nguyen et al., 2004; Stites et al., 1991).
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Ionization of Internal Lysine Residuesassuming that these values reproduce implicitly the structural
reorganization and water penetration that is coupled to the ioni-
zation of internal groups (Warshel and Russell, 1984).
The possibility that the ionization of internal residues in SNase
triggers conformational reorganizationwas first suggested by pH
titrations that were monitored with optical spectroscopy in 75
variants of SNase with internal Lys, Asp and Glu residues. In
most cases the ionization of the internal groups had no detect-
able structural consequences, but in some cases, local, subglo-
bal, and even global structural changes were apparent (Harms
et al., 2011; Isom et al., 2008, 2010, 2011). Detailed NMR spec-
troscopy studies of variants with Lys, Asp andGlu at positions 38
and 66 confirmed that in some cases the ionization of an internal
group did not affect structure while in others it could trigger local-
ized structural reorganization consistent with increased local
fluctuations and with local unfolding (Chimenti et al., 2011;
Harms et al., 2008, 2009; Karp et al., 2007).
Using NMR spectroscopy we have now surveyed the range of
structural reorganization that can be triggered by the ionization
of internal Lys residues at 25 internal positions in SNase. The
goal was to catalog the character of possible structural changes
that are possible and to identify interesting cases for subsequent
detailed study. Crystal structures of many variants were deter-
mined to describe the conformations of internal Lys side chains1072 Structure 20, 1071–1085, June 6, 2012 ª2012 Elsevier Ltd All riand microenvironments of their ionizable moieties. This study
contributes systematic and detailed molecular description of
structural origins of high apparent dielectric constants inside
proteins.
RESULTS AND DISCUSSION
Crystal Structures
The crystal structures of variants of SNase with internal Lys-66,
Lys-38 and Lys-92 were published previously (Harms et al.,
2008; Nguyen et al., 2004; Stites et al., 1991). Structures for 8
other variants with internal Lys have now been solved, in buffers
at a pH in which the Lys side chains should have been neutral
(Tables 1, 2, 3, and 4). The substitution of internal positions
with Lys did not have an appreciable effect on any of the struc-
tures. The backbone of the 12 variants with internal Lys were
almost perfectly superimposable and have an average Ca
RMSD of less than 0.6 A˚ relative to the reference protein (Fig-
ure 1A and Table 1). The internal Lys side chains were ordered
and visible in the electron density maps of all proteins. Most
differences between structures are limited to the U loop (resi-
dues 44 to 49), which was not present in all the proteins studied.
The observation that neutral Lys can be buried in the protein inte-
rior without inducing structural reorganization is consistent withghts reserved
Table 2. Statistics for Crystal Structures of SNase Variants with Internal Lys
D+PHS V23K D+PHS L25K D+PHS F34K
Crystallization Conditions
Buffer 25 mM Potassium Phosphate 25 mM Potassium Phosphate 25 mM Potassium Phosphate
pH 8.0 8.0 8.0
Temp. (K) 277 277 277
Precipitant 24% (w/v) MPD 22% (w/v) MPD 29% (w/v) MPD
Additives pdTp, Calcium Chloride pdTp, Calcium Chloride pdTp, Calcium Chloride
Data Collection
Temp. (K) 100 100 100
Radiation source Synchrotron Sealed tube NSLS X25
Monochromator NSLS Beamline X25 GE111 Double Silicon (111) Crystal
Optics Meridionally-bent fused silica
mirror with palladium
and uncoated stripes
Multi-layer Meridionally-bent fused silica
mirror with palladium
and uncoated stripes
Detector type CCD CCD CCD
Detector ADSC Quantum 315 Bruker APEX II ADSC Quantum 315
Intensity/integration software HKL-2000 SAINT HKL-2000
Data scaling software HKL-2000 SAINT HKL-2000
Wavelength (A˚) 0.9795 1.5418 0.9795
Resolution (A˚)a 23.6–1.60 (1.64–1.6) 60.28–2.10 (2.20–2.10) 40.00–1.55 (1.58–1.55)
Total reflections 18219 127348 41310
Unique reflections 18219 8216 19271
Completeness (%)a 97.5 100.0 (100.0) 93.9 (60.1)
Redundancya 3.8 (3.9) 15.5 (11.9) 7.3 (3.6)
Average I/sa 22.4 (6.30) 20.06 (4.49) 26.9 (3.85)
Rsym or Rsigma
a,b,c 0.054 (0.252)b 0.035 (0.211)c 0.015 (0.210)b
Wilson B (A˚2) 27.0 38.6 26.2
Space group P21 P21 P21
Cell dimensions (A˚) a = 31.138, b = 60.351,
c = 37.156
a = 30.978, b = 60.282,
c = 37.961
a = 31.027, b = 60.296,
c = 38.249
Cell angles () a = g = 90.0, b = 93.86 a = g = 90.0, b = 93.43 a = g = 90.0, b = 92.26
Refinement
Resolution (A˚)a 23.6–1.6 (1.66–1.60) 23.29–2.10 (2.15–2.10) 32.28–1.75 (1.79–1.75)
No. of non-hydrogen atoms 1146 1105 1137
Total no. of reflectionsa 18219 8181 14262
No. of reflections in testa set 937 803 (60) 749
Rwork
a 0.187 (0.189) 0.209 (0.303) 0.203 (0.2170)
Rfree
a 0.227 (0.227) 0.278 (0.365) 0.235 (0.3120)
Average B-Factors (A˚2)
Bonds (A˚) 0.019 0.008 0.026
RMS angles () 1.819 1.216 1.215
Protein 23.12 31.16 29.78
Solvent 29.86 33.30 35.58
Ion/ligand 16.27 30.32 27.03
Ramachandran Plot
Favored 121 (95.3%) 121 (95.3%) 122 (96.1%)
Allowed 6 (4.7%) 5 (3.9%) 5 (3.9%)
Disallowed 0 (0.0%) 1 (0.8%) 0 (0.0%)
No. of nonglycine, nonproline, and
non–end residues
114 114 114
No. of glycine, proline, and end residues 15 15 15
(Continued on next page)
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Table 2. Continued
D+PHS V23K D+PHS L25K D+PHS F34K
Total no. of residues 129 129 129
PDB code 3QOJ 3ERQ 3ITP
aThe values appearing in parenthesis are statistics for the highest resolution shell only.
bRsym =
P
hkl
Pn
i = 1
jIiðhklÞ  IiðhklÞj
P
hkl
Pn
i = 1
IiðhklÞ
.
cRsigma =
P
hkl
sðF2o ðhklÞÞ
P
hkl
F2o ðhklÞ
.
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Ionization of Internal Lysine Residuesprevious studies of the resilience of SNase toward substitution of
internal positions with bulky, flexible, and non-native amino
acids (Wynn et al., 1996; Dao-pin et al., 1991).
Internal Lys residues with shifted pKa values decrease the
thermodynamic stability of proteins (Isom et al., 2008, 2010).
This could have beenmitigated through small structural changes
to enhance penetration of water to hydrate the internal side chain
or to allow extrusion of the internal side chain to bulk water, but
this was not observed, perhaps because osmotic and packing
forces in the crystal prevent this from happening.
The side chain of Lys-92 was poorly defined in the crystal
structure (Nguyen et al., 2004), but all other internal Lys side
chains had strong and continuous electron density for all atoms.
The internal Lys side chains could be modeled without clashes
with nearby atoms and without requiring reorganization of the
core of the protein. In a few cases (e.g., Lys-72) the conformation
of the side chain is likely influenced by extensive contacts
between the Nz atom and polar backbone atoms. In all cases,
the B factors of the internal Lys side chains were comparable
to those of other nearby atoms. The B factors of the proteins
with internal Lys residues were comparable to those of other
SNase variants at comparable resolution. The rotameric states
of these internal Lys side chains are not common (Dunbrack
and Karplus, 1993).
Solvent-accessible surface area (SASA) and depth of burial
calculations showed that with the exception of Lys-72, all the
Lys side chains and their Nz atomswere completely inaccessible
to water and buried, some quite far from bulk water (Table 1). The
side chains of Lys-92 and Lys-104 exist in more than one confor-
mation, suggesting that even when buried the Lys side chains
can have considerable mobility. Most Lys side chains point
either toward the naturally occurring microcavity at the primary
hydrophobic core (Lys-25, Lys-36, Lys-62, Lys-66, Lys-92), or
toward the secondary hydrophobic core of SNase (Lys-103,
Lys-104, Lys-125) (Figure 1B). The microenvironments of the
internal Lys side chains can be very different in different proteins
(Figure 2 and Table 1). Seven of the internal Lys side chains were
packed into predominantly hydrophobic regions with few or no
polar atoms near the ionizable moiety (e.g., Lys-23, Lys-25,
Lys-34, Lys-36, Lys-66, Lys-92, and Lys-125 have no polar
atoms within 3.5 A˚ of the Nz atom of lysine). Five lysines (Lys-
38, Lys-62, Lys-72, Lys-103 and Lys-104) have Nz atom within
3.5 A˚ of 1 to 3 polar groups or crystallographic water molecules
(Table 1).1074 Structure 20, 1071–1085, June 6, 2012 ª2012 Elsevier Ltd All riLys-72 is unique among these internal Lys residues because it
is buried shallowly. Its Nz atom is only 7.9% accessible, 3.5 A˚
from a crystallographic water molecule, and within hydrogen
bonding distance of three backbone carbonyl residues. Surpris-
ingly, despite this highly polar microenvironment, Lys-72 titrates
with an anomalous pKa of 8.6. This contrasts with the case of
Lys-38, which has a normal pKa despite its Nz atom being fully
buried (Harms et al., 2008). Crystal structures did not reveal
a clear connection between measured shifts in pKa values and
the depth of burial or polarity of the microenvironments of Nz
atoms, suggesting that other structural properties must be the
critical determinants of the pKa values of these internal groups.
Structural Consequences of Substitution with Neutral
Lys
1H-15NHSQC spectra of the 25 Lys-containing variants were first
measured under conditions of pHwhere the internal Lys residues
were mostly neutral (Table 5; Table S1 and Figures S1, S2, and
S3 available online). Twenty-four out of 25 variants exhibited
chemical shift dispersion and well-resolved cross peaks charac-
teristic of folded proteins, consistent with results from CD and
Trp fluorescence (Isom et al., 2008). The exception was the
N100K variant, whose 1H-15N HSQC spectrum showed a signifi-
cant loss of peaks consistent with some unfolding.
Assignment of HSQC spectra and other types of NMR spec-
troscopy experiments will be required to describe on a site-by-
site basis the structural and dynamic consequences of substitu-
tion of internal positions with Lys residues. However, to identify
the proteins worthy of further detailed study it was first necessary
to characterize the structural consequences of substitution with
and ionization of internal Lys residues in the 25 variants. To
examine 1H-15N HSQC spectra qualitatively at pH values where
the internal Lys was neutral we focused on the subset of reso-
nances of each variant that are different from resonances in
the spectrum of the reference protein at the same pH. The subset
of resonances that was affected by the substitution differed from
variant to variant. For qualitative purposes, peaks that overlap-
ped those in the reference spectrum unambiguously were as-
signed by visual inspection. The total number of peaks assigned
in this manner was normalized by the total number of assigned
peaks in the 1H-15N HSQC spectrum of the reference protein.
This provided a measure of how similar the HSQC spectrum of
a variant was to that of the reference protein (Table 5). Although
this analysis is strictly qualitative, it contributed significant newghts reserved
Table 3. Statistics for Crystal Structures of SNase Variants with Internal Lys
D+PHS L36K PHS T62K D+PHS I72K
Crystallization Conditions
Buffer 25 mM Potassium Phosphate 25 mM Potassium Phosphate 25 mM Potassium Phosphate
pH 8.0 8.0 8.0
Temp. (K) 279 277 277
Precipitant 44% (w/v) MPD 44% (w/v) MPD 33% (w/v) MPD
Additives none none pdTp, Calcium Chloride
Data Collection
Temp. (K) 100 100 110
Radiation source Rotating anode Sealed tube Sealed tube
Monochromator Graphite GE111 GE111
Optics Multi-layer Multi-layer Multi-layer
Detector Type CCD CCD CCD
Detector Bruker Proteum Bruker APEX II Bruker APEX II
Intensity/integration software SAINT SAINT SAINT
Data scaling software SAINT SAINT SAINT
Wavelength (A˚) 1.5418 1.5418 1.5418
Resolution (A˚)a 48.20–1.75 (1.85–1.75) 17.98–1.75 (1.84–1.75) 46.52–1.90 (1.95–1.90)
Total reflections 57161 155926 222623
Unique reflections 11208 14710 11779
Completeness (%)a 99.4 (96.8) 99.8 (99.3) 100.0 (100.0)
Redundancya 5.1 (5.1) 10.6 (3.4) 18.9 (6.1)
Average I/sa 19.93 (3.75) 30.16 (4.05) 37.25 (6.13)
Rsym or Rsigma
a,b,c 0.043 (0.266)c 0.020 (0.257)c 0.060 (0.314)c
Wilson B (A˚2) 32.3 33.1 16.50
Space group P41 P41 P212121
Cell dimensions (A˚) a = b = 48.200,
c = 63.210
a = b = 48.220,
c = 63.280
a = 32.229, b = 60.603,
c = 72.579
Cell angles () a = b = g = 90.0 a = b = g = 90.0 a = b = g = 90.0
Refinement
Resolution (A˚)a 48.22–1.90 (1.95–1.90) 17.00–1.80 (1.85–1.80) 46.52–1.90 (1.95–1.90)
No. of non-hydrogen atoms 1147 1110 1214
Total no. of reflectionsa 9990 12753 10580 (756)
No. of reflections in testa set 983 1272 (98) 1144 (74)
Rwork
a 0.203 (0.243) 0.198 (0.251) 0.173 (0.171)
Rfree
a 0.272 (0.277) 0.255 (0.383) 0.238 (0.259)
Average B-factors (A˚2)
Bonds (A˚) 0.014 0.009 0.016
RMS angles () 1.435 2.080 1.95
Protein 26.02 27.35 15.08
Solvent 32.14 34.21 27.58
Ion/ligand 35.69 39.18 17.30
Ramachandran plot (using RAMPAGE)
Favored 123 (96.1%) 120 (98.4%) 121 (94.5%)
Allowed 5 (3.9%) 2 (1.6%) 5 (3.9%)
Disallowed 0 (0.0%) 0 (0.0%) 2 (1.6%)
No. of nonglycine, nonproline,
and non–end residues
115 112 115
No. of glycine, proline,
and end residues
15 14 15
(Continued on next page)
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Table 3. Continued
D+PHS L36K PHS T62K D+PHS I72K
Total no. of residues 130 126 130
PDB code 3EJI 3DMU 2RBM
aThe values appearing in parenthesis are statistics for the highest resolution shell only.
bRsym =
P
hkl
Pn
i = 1
jIiðhklÞ  IiðhklÞj
P
hkl
Pn
i = 1
IiðhklÞ
.
cRsigma =
P
hkl
sðF2o ðhklÞÞ
P
hkl
F2o ðhklÞ
.
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Ionization of Internal Lysine Residuesinsight into the type, magnitude, and distribution of structural
reorganization coupled to the presence and ionization of internal
Lys residues.
The 24 variants that are folded under conditions of pH where
the Lys residues are supposed to be neutral had spectra with
42%–87% similarity to the reference protein (Table 5). On
average 65% of all peaks in the Lys-containing variants were
superimposable with peaks in the reference protein. The rela-
tively low level of overlap between the spectra of the Lys-con-
taining variants and the reference protein reflects primarily the
sensitivity of the amide chemical shift (Wishart and Case,
2001). On the other hand, the absence of major differences
between the 1H-15N HSQC spectra of the reference protein
and of the Lys-containing variants is consistent with the similarity
between crystal structures. Note that 1H-15N HSQC spectra of
some variants of SNase with internal ionizable groups have
been assigned and analyzed in terms of distribution of f/c
angles, and that in those cases the NMR data are fully consistent
with the distribution of secondary structure observed in the crys-
tals (Harms et al., 2008, 2009). In fact, the resonances that were
affected by the substitutions (e.g.V66K or V66D) were not
affected by the ionization of the internal Lys-66 or Asp-66 (Chi-
menti et al., 2011).
The highest level of similarity between the reference protein
and a Lys-containing variant was for the variants with the
most solvent exposed Lys (I72K variant with 87% similarity
with the spectrum of the reference protein), and for the variant
with a Lys in a loop region (N118K variant, with 81% similarity).
The variants that introduce Lys into the primary hydrophobic
core of SNase at positions 25, 36, 62, and 66 also had HSQC
spectra with 70%–85% peak overlap with the reference spec-
trum, suggesting that the region of the protein between helix-1
and b sheets 2 and 3 tolerate substitutions with Lys better
than the region near helix-2 and helix-3, where substitutions
with Lys yielded more highly perturbed HSQC spectra. No
other general, qualitative trends were observed in the similarities
in HSQC before and after substitution of internal positions
with Lys.
Structural Consequences of the Ionization of Internal
Lys
1H-15N HSQC spectra were measured for each variant at pH
values that bracketed the apparent pKa of the internal Lys. The
exception was the V23K, for which the highest pH studied corre-1076 Structure 20, 1071–1085, June 6, 2012 ª2012 Elsevier Ltd All risponded to a form in which Lys-23 was only expected to be 50%
neutral. The dispersion and resolution of the 1H-15N HSQC
spectra indicate that 23 of the 25 variants were fully folded
when the internal Lys residues were charged (Figure 3D shows
representative 1H-15N HSQC spectra before and after the ioniza-
tion of an internal Lys). In general, the difference in amide proton
chemical shifts [Dd(1HN)] in each variant between conditions
where the internal Lys was charged and neutral were quite small
(less than 0.1 ppm). This is illustrated for three specific cases
chosen to represent proteins with internal Lys residues with
small (N118K), medium (I72K), and large (L125K) depressions
in their pKa (Figure 4). With the exception of the variant with
I92K discussed ahead, the amide shifts did not show evidence
of any significant structural reorganization upon ionization of
the internal Lys, not even in cases where the internal Lys residue
has a highly depressed pKa. This is consistent with results with
optical spectroscopy showing that all but the I92K variant re-
mained folded when the internal Lys residues were charged
(Isom et al., 2008, 2011). The variants appear to retain their native
folded structure under conditions of pH where the internal Lys
residues are charged.
Local Reorganization Coupled to the Ionization of
Internal Lys Residues
The ionization of five Lys residues (Lys-25, Lys-34, Lys-58, Lys-
66, and Lys-125) led to intermediate exchange behavior, consis-
tent with increased dynamics or conformational fluctuations
localized to a small part of the protein near the internal Lys
side chain (Figures 3B and 3C). These cases are of special
interest because they have information about the roles of confor-
mational reorganization and dynamics as determinants of the
pKa values of internal groups.
The ionization of internal Lys residues can increase the
frequency and amplitude of their conformational fluctuations
(Damjanovic et al., 2005, 2007, 2008). The fluctuation of a charge
around nearby amides may contribute to the line-broadening
that was observed with some of the variants. However, the
observation that the affected resonances do not remain in fast
exchange and instead enter intermediate exchange is consistent
with underlying slower local fluctuations of the backbone on the
order of micro- to milliseconds, which promote conformational
states where the internal charged Lys can become dynamic
and solvated by water. This has been characterized in detail in
the V66K variant (Chimenti et al., 2011; Kitahara et al., 2010);ghts reserved
Table 4. Statistics for Crystal Structures of SNase Variants with Internal Lys
D+PHS L103K D+PHS V104K D+PHS L125K
Buffer 25 mM Potassium Phosphate 25 mM Potassium Phosphate 25 mM Potassium Phosphate
Crystallization Conditions
pH 7.0 7.0 9.0
Temp. (K) 298 277 277
Precipitant 35% (w/v) MPD 40% (w/v) MPD 32% (w/v) MPD
Additives pdTp, Calcium Chloride pdTp, Calcium Chloride pdTp, Calcium Chloride
Data Collection
Temp. (K) 100 100 110
Radiation source Sealed tube Sealed tube Sealed tube
Monochromator GE111 GE111 GE111
Optics Multi-layer Multi-layer Multi-layer
Detector type CCD CCD CCD
Detector Bruker APEX II Bruker APEX II Bruker APEX II
Intensity/integration software SAINT SAINT SAINT
Data scaling software SAINT SAINT SAINT
Wavelength (A˚) 1.5418 1.5418 1.5418
Resolution (A˚)a 60.95–1.86 (1.96–1.86) 21.88–2.00 (2.05–2.00) 27.61–1.90 (1.95–1.90)
Total reflections 117855 129256 124342
Unique reflections 24052 9646 11202
Completeness (%)a 97.6 (91.1) 100.0 (100.0) 99.9 (99.8)
Redundancya 4.9 (2.2) 13.4 (6.3) 11.1 (3.9)
Average I/s a 15.70 (2.48) 19.51 (2.80) 38.45 (6.05)
Rsym or Rsigma
a,b,c 0.074 (0.418)c 0.036 (0.348)c 0.022 (0.162)c
Wilson B (A˚2) 21.1 34.2 27.40
Space group P21 P21 P21
Cell dimensions (A˚) a = 31.172, b = 78.514,
c = 60.949
a = 31.079, b = 60.518,
c = 38.220
a = 31.075, b = 60.453,
c = 38.144
Cell angles () a = g = 90.0, b = 90.04 a = g = 90.0, b = 93.06 a = g = 90.0, b = 93.10
Refinement
Resolution (A˚)a 60.95-2.00 (2.05-2.00) 21.88-2.00 (2.05-2.00) 27.61-1.90 (1.95-1.90)
No. of non-hydrogen atoms 2317 1121 1188
Total no. of reflectionsa 18704 8525 10635 (669)
No. of reflections in testa set 974 (93) 853 (46) 1038 (67)
Rwork
a 0.164 (0.134) 0.211 (0.324) 0.195 (0.223)
Rfree
a 0.224 (0.273) 0.261 (0.374) 0.253 (0.296)
Average B-factors (A2)
Bonds (A˚) 0.006 0.015 0.011
RMS angles () 1.477 1.914 1.434
Protein 14.41 29.69 20.63
Solvent 17.42 31.87 27.21
Ion/Ligand 11.47 24.55 17.36
Ramachandran Plot (using RAMPAGE)
Favored 241 (94.9%) 122 (96.1%) 125 (96.9%)
Allowed 13 (5.1%) 4 (3.1%) 4 (3.1%)
Disallowed 0 (0.0%) 1 (0.8%) 0 (0.0%)
No. of non-glycine, non-proline,
and non-end residues
228 114 116
No. of glycine, proline,
and end residues
30 15 15
(Continued on next page)
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Table 4. Continued
D+PHS L103K D+PHS V104K D+PHS L125K
Total no. of residues 258 129 131
PDB code 3E5S 3C1F 3C1E
aThe values appearing in parenthesis are statistics for the highest resolution shell only.
bRsym =
P
hkl
Pn
i = 1
jIiðhklÞ  IiðhklÞj
P
hkl
Pn
i = 1
IiðhklÞ
.
cRsigma =
P
hkl
sðF2o ðhklÞÞ
P
hkl
F2o ðhklÞ
.
Figure 1. Crystal Structures of Twelve Variants of SNase with
Internal Lys Residues
(A) Stereo view of the superposition of crystal structures of twelve variants of
SNase with internal Lys residue, overlaid on the structure of theD+PHS protein
(PDB ID: 3BDC).
(B) Composite stereo view of the side chains of twelve internal Lys residues
and the backbone of D+PHS nuclease.
Structure
Ionization of Internal Lysine Residuesthe Lys-66 side chain is internal when neutral, but still exchanges
with water at a rapid rate of 90 s1 at 1C, consistent with
local unfolding or water penetration (Takayama et al., 2008).
The L25K and L125K variants responded to the ionization of
the internal Lys with the same intermediate exchange behavior
observed in the V66K variant. Extreme line-broadening and large
chemical shift changes were found in the HSQC spectra for
a subset of resonances around a region immediately adjacent
to the side chains of Lys-25 and Lys-125 (Figure 3B and 3C).
Only 20 resonances broadened upon ionization of the internal
lysine of V66K and L125K. Asmany as 50 resonances broadened
in response to the ionization of Lys-25, consistent with a larger
dynamic response to ionization of this Lys residue. Many of the
affected resonances in the L25K spectrum lost intensity without
experiencing chemical shift changes, suggesting a purely
dynamic process without structural rearrangement.
The F34K and V39K variants also showed significant interme-
diate exchange in the HSQC spectra. These variants had stability
greater than 3 kcal/mol when the Lys was ionized, indicating that
at certain positions in the protein, ionization of Lys can promote
increased fluctuations even when the protein is relatively stable.
Lys-39 is located in a loop region where fluctuations of the back-
bone may be normally less restricted. This observation of inter-
mediate exchange dynamics in these more stable variants is
counter to the idea that in the more stable variants the ionization
of the internal Lys side chain does not increase local fluctuations.
On the other hand, the majority of the more stable variants dis-
played no observable exchange behavior upon titration of the
internal lysine (Table 5). Further studies will be necessary to
examine the relationship between ionization of internal Lys resi-
dues, promotion of local fluctuations, and global, thermody-
namic stability.
Global Unfolding Coupled to the Ionization of Internal
Lys
The 1H-15N HSQC spectra of the I92K and N100K variants at pH
6.7 and 9.4 respectively, where Lys-92 and Lys-100 are neutral,
showed slow exchange behavior between the native state (in the
case of I92K) or a partially folded form containing some native
peaks (in the case of N100K), and an unfolded form that was
characterized by a region of poorly defined, broadened reso-
nances from 8.0 to 8.4 ppm in 1HN (Figure 3A). The stability of
I92K is 0.2 kcal/mol at pH 4.9 (where Lys-92 is ionized) and1078 Structure 20, 1071–1085, June 6, 2012 ª2012 Elsevier Ltd All rithe stability of N100K is 1.3 kcal/mol at pH 7.0 (where
Lys-100 is ionized). In both cases, when the Lys residue is
>90% ionized, the unfolded form is the only form observable in
the 1H-15NHSQC spectrum. In both cases, peaks from the native
state in the 1H-15N HSQC did not show substantial chemical shift
changes upon titration, indicating that the data are reporting
a two-state exchange between folded (or partially folded, in
the case of N100K) and unfolded forms without significant inter-
mediates. The NMR data show unequivocally that ionization of
Lys-92 and Lys-100 led to the global unfolding of the protein.
The high apparent dielectric constants reported by Lys-92 and
Lys-100 is simply a reflection of dielectric breakdown.ghts reserved
Figure 2. Microenvironment of the Ionizable Moieties of 11 Internal Lys Residues
(A) D+PHS SNase
(B) Lys-125 (PDB ID: 3C1E)
(C) Lys-25 (PDB ID: 3ERQ)
(D) Lys-36 (PDB ID: 3EJI)
(E) Lys-104 (PDB ID: 3C1F)
(F) Lys-62 (PDB ID: 3DMU)
(G) Lys-103 (PDB ID: 3E5S)
(H) Lys-72 (PDB ID: 2RBM)
(I) Lys-38 (PDB ID: 2RKS)
(J) Lys-92 (PDB ID: 1TT2)
(K) Lys-34 (PDB ID: 3ITP)
(L) Lys-23 (PDB ID: 3QOJ).
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Table 5. Summary of Global Thermodynamic Stability, pKa Values of Internal Lys Residues, and Effects of pH on the HSQC Spectra of
Variants of SNase with Internal Lys Residues
Variant
pKa of
Internal Lysa
Percent Peaks Preserved
from D+PHS (%)b Exchange Typec
No. of Exchanged
Peaksd
DGH2O
e
Neutral (kcal/mol)
DGH2O
e
Ionized (kcal/mol)
G20K 10.4 68 (57/84) – – 7.5 (10.0) 9.2 (9.0)
V23K 7.3 59 (70/119) – – 6.2 (8.4) 4.0 (6.0)
L25K 6.3 78 (100/129) Intermed 50 4.6 (7.5) 2.7 (5.5)
F34K 7.1 59 (70/119) Intermed 24 5.2 (8.0) 3.8 (6.0)
L36K 7.2 70 (83/119) – – 6.4 (8.4) 3.8 (6.0)
L37K 10.4 68 (54/79) – – 7.9 (9.9) 9.4 (8.5)
L38Kf 10.4 75 (59/79) – – 7.5 (9.9) 8.9 (8.4)
V39K 9.0 67 (68/101) Intermed 50 4.1 (10.1) 4.7 (7.5)
T41K 9.3 55 (51/93) – – 8.6 (10.0) 9.5 (8.0)
A58K 10.4 66 (52/79) Slowg – 6.6 (9.9) 7.8 (8.5)
T62K 8.1 85 (86/101) Slowh – 8.5 (8.9) 7.7 (7.0)
V66Kf 5.6 71 (92/130) Intermed 20 4.2 (7.0) 2.0 (4.4)
I72K 8.6 87 (88/101) – – 5.6 (9.8) 5.5 (7.0)
V74K 7.4 51 (57/112) – – 5.6 (8.4) 4.4 (6.5)
A90K 8.6 46 (46/101) – – 4.5 (9.9) 4.5 (7.9)
Y91K 9.0 42 (39/93) – – 4.5 (9.9) 5.1 (7.9)
I92Kf 5.3 45 (59/130) Slow 130 1.9 (6.5) 0.2 (4.9)
V99K 6.5 63 (75/119) Slowh – 4.1 (7.9) 2.0 (5.4)
N100K 8.6 27 (27/101) Slow 101 1.5 (10.0) 1.3 (7.0)
L103K 8.2 62 (69/112) – – 6.7 (8.9) 6.1 (7.0)
V104K 7.7 63 (71/112) – – 5.0 (8.9) 3.6 (6.5)
A109K 9.2 59 (55/93) – – 7.1 (9.8) 7.5 (9.5)
N118K 10.4 81 (64/79) – – 8.8 (9.8) 9.4 (8.5)
L125K 6.2 74 (96/130) Intermed 15 4.2 (7.0) 2.5 (4.9)
A132K 10.4 58 (49/84) – – 4.6 (9.8) 5.4 (8.4)
Intermed, intermediate.
See also Figures S1, S2, and S3 and Table S1.
apKa values are from (Isom et al., 2011).
bPercentage of peaks assigned by visual inspection from the D+PHS background spectrum at a pH where internal Lys in the variant is >90% neutral.
Values in parentheses indicate the number of visually assigned peaks divided by the total number of assigned peaks in the background spectrum.
Error is ± 5%.
cMajor form of chemical exchange observed in HSQC spectra collected as a function of pH.
dOwing to the inclusion of unassigned peaks in the count this number is just an approximation.
eDGH2O (kcal/mol) refers to the Gibbs free energy of unfolding of the protein measured with GdnHCl denaturation and extrapolated to zero denaturant
concentration as described in (Isom et al., 2008, 2011). ‘‘Neutral’’ refers to theDGH2O value at approximately 1 pH unit above the pKa of the internal Lys
and ‘‘ionized’’ refers to the value at approximately 1 pH unit below the pKa. The number in parentheses is the pH at which the measurement wasmade.
Errors in DGH2O are ± 0.1 kcal/mol.
fData for variants with Lys-66, Lys-38, Lys-92 were published previously (Harms et al., 2008; Nguyen et al., 2004; Stites et al., 1991).
gSlow exchange between two closely related native forms. A small subset of resonances are exchanging between two folded conformers.
hSlow exchangewith a partially unfolded form that is only aminor component of the ensemble, as evidenced by the persistence of well-resolved folded
peaks at the low pH endpoint of the titration.
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Ionization of Internal Lysine ResiduesThe HSQC spectra of the A58K, T62K, and V99K variants ex-
hibited slow exchange behavior of a different type. In the case of
T62K and V99K, the vast majority of the peaks remained at full
intensity throughout the titration. However, at the low pH
endpoint of the titration, new resonances appeared in the
unfolded region of the 1H-15N HSQC spectrum. These reso-
nances had lower intensity than the native peaks, consistent
with the presence of a minor, partially unfolded form of the
protein. In the case of the variant with Lys-58 several new reso-
nances appeared at low pH, but they were generally found near1080 Structure 20, 1071–1085, June 6, 2012 ª2012 Elsevier Ltd All rinative peaks, not in the unfolded region. This could indicate that
the protein is switching between two very similar folded confor-
mations on a slow timescale.
Relationship between Global Thermodynamic Stability
and the Dielectric Response
The type of structural response triggered by the ionization of Lys
residues in different parts of the protein is summarized in Fig-
ure 5. It is striking that the majority of the variants, including
many (L36K, V23K, V74K, V104K, L103K, I72K, A90K, Y91K,ghts reserved
Figure 3. pH Dependence of HSQC Spectra
of Variants with Internal Lys Residues
1H-15N HSQC spectra acquired at pH values
above (black) and below (color) the pKa value of
internal Lys residues in four proteins.
(A) Example of slow exchange with a fully unfolded
form in the I92K variant (pKa 5.3) when Lys-92 is
ionized at pH 4 (red).
(B) Example of increased backbone fluctuations in
the L25K variant (pKa6.3) at pH 5 (blue). Note the
loss of 50 peaks from the pH 5 spectrum.
(C) Example of increased backbone fluctuations in
the L125K variant protein (pKa6.2) at pH 5 (blue).
Note the increased amount of resonance intensity
in the region of the spectra where peaks for
unfolded protein are found, as well as the signifi-
cant chemical shift changes at many peaks.
(D) Case where there is no major exchange
behavior but several large chemical shift changes
observed upon ionization of the I72K (pKa 8.6) at
pH 7.5 (green).
See also Figures S1, S2, and S3.
Structure
Ionization of Internal Lysine ResiduesA109K, and T41K) in which the Lys titrates with a depressed pKa
value, showed no evidence of anymajor conformational changes
coupled to the ionization of the internal Lys.
All the variants with DGH2O less than 3 kcal/mol at the pH
where the internal Lys became fully ionized exhibited some
form of exchange behavior in the HSQC spectra, consistent
with increased fluctuations between alternative states (Fig-
ure 3A–3C; Table 5). These proteins can be divided into two
classes depending on the nature of the response. Variants in
one class (I92K, N100K, and to a lesser extent, T62K and
V99K) exhibited exchange with a fully unfolded form. The A58K
variant could be included in this set although the exchange
behavior appears to affect only a small subset of peaks. The
members of a second class (L25K, V39K, F34K, V66K, L125K)
exhibit intermediate exchange only at a subset of residues
consistent with exchange with a locally or partially unfolded
form.
Whereas the structure of the native state is independent
of global stability, the extent of the structural response of
the protein to the ionization of an internal group appears to be
somewhat dependent on the global thermodynamic stability of
the protein. Partially unfolded states in which the internal
charged moiety can be solvated through contact with protein
or water should be populated more readily when the globalStructure 20, 1071–1085, June 6, 2012 ªstability of a protein is low. That is, in
the case of variants with internal Lys
residues with depressed pKa the proba-
bility of populating excited states, or
partially unfolded states, increases with
decreasing pH because the energy gap
between the native and the unfolded
state decreases with decreasing pH.
A similar inverse relationship between
DGH2O and dynamic backbone fluctua-
tions has been observed previously in
SNase by NMR relaxation methods (Alex-andrescu et al., 1996) and native-state hydrogen exchange
(Maity et al., 2003).
Structural Origins of the High Apparent Dielectric
Constant in the Protein Interior
The Lys side chains introduced in SNase are internal and buried
deeply when they are neutral (Figure 1B). The majority of them
are embedded in highly hydrophobic microenvironments that
are inconsistent with the high apparent dielectric reported by
the measured pKa values. For this reason it was natural to invoke
increased dynamics or structural reorganization to explain the
high dielectric constants consistent with the experimental data.
The crystal structures showed no evidence of structural reorga-
nization. Relying on the atomic resolution afforded by NMR
spectroscopy we have now shown that 15 out of 25 internal
Lys residues in SNase ionize without triggering detectable
changes in chemical shifts or in exchange behavior. Neither
the substitution of a core position with a Lys nor the ionization
of the Lys had any detectable structural or dynamic perturba-
tions in these 15 cases. Six of these 15 Lys residues titrate
with a normal pKa (L38K, A132K, A58K, L37K, G20K, N118K)
and with the exception of Lys-38, which is known to be buried,
these could well end up being trivial cases where the Lys side
chains are not actually buried. Crystal structures are needed to2012 Elsevier Ltd All rights reserved 1081
Figure 4. Effects of pH on Chemical Shifts
DDd 1HN (ppm) calculated as DDd(ppm) =
[d(variant)neutral  d(variant)charged]  [d(D+
PHS)neutral  d(D+PHS)charged] (Equations 2.1) and
plotted by residue for three variants with internal
Lys. The arrow indicates the site of the substitu-
tion.
(A) L125K where the DpKa = 4.2.
(B) I72K where the DpKa = 1.8.
(C) N118K where the DpKa 0.
Residues with a gray dash directly above the
x-axis represent resonances that could not be
assigned at either high or low pH owing to line
broadening or large chemical shift changes with
respect to the background spectrum. Errors in
DDd(ppm) are 0.04 ppm.
See also Figures S1, S2, and S3.
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Ionization of Internal Lysine Residuesestablish this. However, the other nine Lys side chains have
depressed pKa values. Regardless of what the origins of the
apparent dielectric constants reported by these Lys residues
might be, they are sufficiently subtle so as to be invisible in
HSQC spectra. Three of the four proteins where the amino
moiety of the internal Lys residue makes contacts with polar
atoms fall under this category; in these cases this high local
polarity might be sufficient to solvate an internal charged group
thereby preventing conformational changes in response to the
ionization event. The lack of evidence for processes in the inter-
mediate exchange regime in the 1H-15N HSQC spectra of
a majority of Lys-containing variants of SNase can only be
used to exclude very slow and intermediate timescale fluctua-
tions as important elements of the dielectric response probed
by the internal Lys residues. Contributions from very fast
dynamics or fromminor structural forms in solution (<10%popu-
lated) can still play a role; this is being examined.
Another possibility is that in the 15 cases where there is no
evidence of structural or dynamic perturbation, the Lys side
chain is embedded in microenvironments where buried water
molecules hydrate the internal ionizable moiety, essentially
creating a favorable dielectric environment for the polar group.
Internal water molecules near the internal ionizable moieties
were absent near most internal Lys residues, but have been
observed near other ionizable groups (Schlessman et al.,
2008). Alternatively, the minor chemical shift changes upon ioni-1082 Structure 20, 1071–1085, June 6, 2012 ª2012 Elsevier Ltd All rights reservedzation of the Lys residues in these 15 vari-
ants may reflect local electrostatic
effects or increased local dynamics on
the fast timescale that would be invisible
in the 1H-15N HSQC data. Molecular
dynamics simulation on the crystal
structure of the L38K variant provided
strong evidence of local unfolding and
water penetration to solvate the Lys-38
side chain on ns timescales (Harms
et al., 2008). A more rigorous experi-
mental characterization of these 15 pro-
teins with relaxation measurements and
native-state hydrogen exchange will beneeded to obtain more detailed insight into mechanisms of
dielectric relaxation.
The substitution of internal positions with Lys decreases the
thermodynamic stability of SNase. The 1H-15N HSQC spectra
of the most destabilized variants were the ones that exhibited
exchange behavior consistent with either increased dynamics
at backbone amides or global unfolding in response to the ioni-
zation of the group. This suggests that the character of the
apparent dielectric response of a protein can be influenced by
its global stability (Karp et al., 2010). In the proteins with the
lowest thermodynamic stability the partially unfolded states in
which the ionized side chains of internal Lys can contact bulk
water can be sampled more readily through increased local fluc-
tuations.Because the local fluctuationsoccur on the intermediate
or slow timescales, this increase in local fluctuations was not
observed directly but was manifested indirectly in the 1H-15N
HSQC spectra. Many peaks in these spectra also exhibited large
chemical shift changes upon ionization that were consistent with
small structural perturbations or electrostatic effects emanating
from the fluctuating electrostatic field from the fluctuating Lys
side chain. Efforts are underway to demonstrate that the pKa
values of internal ionizable groups are sensitive to the global ther-
modynamic stability and that for this reason stability can affect
the apparent dielectric effect. If this idea is borne out by further
experimental data, it has the potential to redirect efforts in struc-
ture-based calculation of electrostatic energies.
Figure 5. Summary of Consequences of Ionization of Internal Lys
Residues in D+PHS SNase Observed in 1H-15N HSQC Data
(Grey circle) Ionization of Lys at these locations inducedminor or no changes in
chemical shifts and no slow or intermediate exchange behavior.
(Teal circle) Ionization of Lys at these locations induced either large chemical
shift changes, DDd 1HN (ppm), or slow exchange with a minor form or both.
(Blue circle) Ionization of Lys at these locations induced increased backbone
fluctuations and/or side chain fluctuations as evident from extensive line-
broadening, loss of peaks, and large chemical shift changes.
(Red circle) Ionization of Lys at these locations induced slow-exchange
behavior with the unfolded state.
See also Figures S1, S2, and S3.
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Ionization of Internal Lysine ResiduesThe increased dynamics and intermediate or slow exchange
observed in 10 of 25 variant proteins (variants I92K, V66K,
L125K, L25K, V99K, F34K with low stability and T62K, N100K,
V39K, A58K with high stability) is consistent with the idea that
the high apparent polarizability reported by the internal Lys resi-
dues in some of these proteins is partly a reflection of increased
dynamics or structural reorganization concomitant with the ioni-
zation event. This type of structural response to the ionization of
an internal group is essential for biological function in protein
such as bacteriorhodopsin (Lanyi and Luecke, 2001), in
ATPase (Rastogi and Girvin, 1999), and in the photoactive yellow
protein (Xie et al., 2001). Our smaller and more tractable protein
will allow benchmarking of algorithms need to examine mecha-
nism of H+-driven conformational changes in many of the
proteins that use internal ionizable groups for purposes of bio-
logical energy transduction.
This NMR spectroscopy survey of structural consequences of
the ionization of internal Lys residues in SNase contributes novel
insight into the range of possible structural reorganization that
can be triggered by the ionization of internal groups, and how
this is affected by details of the microenvironment of the ioniz-
able moiety or by thermodynamic properties of the protein. It
also contributes a set of constraints useful to benchmark the
performance and accuracy of computational methods for struc-
ture-based calculations of pKa values of ionizable groups in de-
hydrated environments. The ideas about structural origins ofStructure 20, 10dielectric effects and molecular determinants of pKa values of
internal groups that emerge from this study have important,
general implications for computational efforts. Computational
methods are going to have to be able to identify cases in which
the ionization of an internal group can trigger structural rear-
rangement or increased dynamics, and they should be capable
of identifying the specific conformational states stabilized
through the ionization of buried groups. The possibility that the
structural response to the ionization of an internal group is actu-
ally governed by the global stability of the protein raises several
challenges for algorithms for structure-based pKa calculations.
Themost challenging problem is the need for improved sampling
capabilities so alternative conformational states that might be
populated when an internal ionizable group becomes charged
are actually sampled during a calculation. Ongoing efforts by
some groups suggest this is still a daunting task (Kato and War-
shel, 2006). Another challenge is the need to be able to discrim-
inate among alternative states and to identify the ones that are
relevant. Structure-based calculation of pKa values has in
general been focused exclusively on accurate calculation of
electrostatic forces. If the suggestion that the global thermody-
namic stability of a protein can affect pKa values is confirmed
by experimentation, computational methods will have to involve
accurate calculation of thermodynamic stability (i.e., DGH2O).
Free energy determines the probability of population of a confor-
mational state relative to another; therefore, this thermodynamic
parameter will be necessary to elucidatemolecular determinants
of pKa values andmechanisms of H
+-driven conformational tran-
sitions in proteins.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
Lys-containing variants were made using either the stable PHS form of
nuclease made with substitutions P117G, H124L, and S128A, or the D+PHS
stable variant, which consists of PHS nuclease with additional G50F, V51N
substitutions, and a deletion of residues 44–49 (Garcı´a-Moreno et al., 1997).
Mutagenesis was performed with the QuikChange kit from Stratagene (La
Jolla, CA). NMR spectroscopy studies were performedwith theD+PHS protein
whereas both D+PHS and PHS were used for crystallography. Proteins were
expressed and purified as described previously (Shortle and Meeker, 1989).
The protein was determined to be >98% pure by SDS-PAGE analysis. The
concentration was determined using an extinction coefficient of 15,600
M1cm1 at 280 nm.
Crystallography
The proteins were crystallized using the hanging drop vapor diffusion method.
The reservoir solution contained 25 mM potassium phosphate and 2-methyl-
2,4-pentanediol (MPD) (Sigma-Aldrich Corp., St. Louis, MO). Proteins were
mixed in a 1:1 ratio with reservoir solutions before suspension over the reser-
voir solution and incubation at 277K, except for the L103K variant, which was
incubated at 298K. For the L25K, I72K, L103K, V104K, and L125K variants,
the protein was pre-incubated with calcium chloride and pdTp in a 1:3:2 ratio
before mixing with the reservoir solution. Crystals appeared over several
weeks to months.
Each crystal was suspended with mother liquor in a nylon loop mounted on
a copper base (CryoLoops and CrystalCap Copper Magnetic from Hampton
Research, Aliso Viejo, CA) and flash-cooled in liquid nitrogen prior to data
collection. Diffraction data were collected at cryogenic temperatures from
a single crystal of each variant. PHS/T62K and D+PHS/L36K data were
collected using a Bruker Proteum diffractometer system (Bruker AXS, Madi-
son, WI). All other data were collected using a Bruker ApexII diffractometer
system (Bruker AXS, Madison, WI) or at beamline X25 of the NSLS at BNL.71–1085, June 6, 2012 ª2012 Elsevier Ltd All rights reserved 1083
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Ionization of Internal Lysine ResiduesEach data set was indexed, integrated, scaled and merged using manufac-
turer’s software to yield a set of unique reflections.
Initial phasing for all structures was obtained by maximum likelihood-based
molecular replacement method with Phaser software (McCoy et al., 2005)
within the CCP4 (Collaborative Computational Project Number 4, 1994) suite
version 6.0.2, using the structure of the D+PHS form of SNase (PDB acces-
sion code 3bdc) as a search model. Prior to molecular replacement, the start-
ing model was modified by truncating the substituted amino acid for the
appropriate variant to Ala, removing all water molecules, and resetting all
B-factors to 20.00 A˚. For the D+PHS/L25K data set, amino acids 112–116
were also truncated to Ala. Rigid-body and positional refinement produced
interpretable electron density maps for each variant. Model building (Emsley
and Cowtan, 2004) and refinement (Murshudov et al., 1997) were performed
iteratively to yield the final models. Twin refinement of D+PHS/L103K was
performed with Refmac v5.5.0036. R-work and R-free residuals were moni-
tored throughout the refinements. Water molecules were added during model
building to reflect spherical electron density in 2Fo-Fc maps that was within
3.5 A˚ of a hydrogen bonding partner in the protein model. Final checks of
the structure were done using the SFCHECK (Vaguine et al., 1999) and PRO-
CHECK (Laskowski et al., 1993).
NMR Spectroscopy
Samples were prepared as described previously (Castan˜eda et al., 2009; Chi-
menti et al., 2011). Acetate buffer was used at pH values in the range of pH 4.5–
5.9, phosphate at pH values in the range of 6.0–7.9, and borate in the range of
8.0–10.2. Above pH 10.2 the protein behaved as a buffer, but the sample was
still prepared with borate buffer for consistency. Following several exchanges
intobuffer, sampleswere concentrated tobetween0.5 and1.0mMprotein. The
pH was checked and adjusted as described previously (Chimenti et al., 2011).
Two-dimensional 1H-15N heteronuclear single-quantum coherence (HSQC)
spectra of D+PHS and 25 internal lysine variants were acquired at 25C (actual
temperature). The temperature was calibrated as described previously (Casta-
n˜eda et al., 2009). HSQC experiments were collected as described previously
(Chimenti et al., 2011). Data conversion and processing was performed using
thenmrPipesoftwaresuite (Delaglioetal., 1995). Linearpredictionandzero-filling
wereused to improvedigital resolution in the indirect dimensions.Spectroscopic
visualization and analysis was done using Sparky (Kneller and Kuntz, 1993).
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